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Avenue, Columbus, OH 43210-1106, USA.Aminoacyl-tRNA synthetases often rely on a proofreading mechanism to clear mischarging errors
before they can be incorporated into newly synthesized proteins. Leucyl-tRNA synthetase (LeuRS)
houses a hydrolytic editing pocket in a domain that is distinct from its aminoacylation domain.
Mischarged amino acids are transiently translocated 30 Å between active sites for editing by an
unknown tRNA-dependent mechanism. A glycine within a ﬂexible b-strand that links the aminoacy-
lation and editing domains of LeuRS was determined to be important to tRNA translocation. The
translocation-defective mutation also demonstrated that the editing site screens both correctly
and incorrectly charged tRNAs prior to product release.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The aminoacyl-tRNA synthetase (AARSs) family is responsible
for the ﬁrst step of translation of the genetic code by covalently
linking tRNA with the correct amino acid. However, about half of
the AARSs require editing to enhance ﬁdelity because they cannot
fully distinguish between structurally related amino acids [1]. Fail-
ure of AARS editing, even at modest levels, can result in cell death
and mammalian disease [2–4].
Leucyl-tRNA synthetase (LeuRS) is challenged by standard and
non-standard amino acids [2,5–7]. Its ‘‘double sieve” proofreading
process [8] has separate active sites for aminoacylation and edit-
ing that are 30 Å from each other [9]. The editing active site re-
sides in a discrete domain called connective polypeptide 1 (CP1).
Recently, a short CPl-based peptide in Escherichia coli LeuRS was
implicated in the tRNA translocation between the two active sites
[10], although this transient mechanism remains poorly deﬁned.
It has been proposed that the uncharged end of the tRNA binds
near the CP1 domain initially and passes through the editing
active site before binding at the canonical core for aminoacylationchemical Societies. Published by E
, connective polypeptide 1
Laboratory, 600 S. Mathews
is).
tate University, 100 W. 18th[11]. Once charged, the tRNA is translocated back to the editing
active site for proofreading. In LeuRS, a T252A mutation in the
editing active site cleared correctly charged Leu-tRNALeu, suggest-
ing that all charged and mischarged tRNAs are translocated from
the aminoacylation to the editing active site prior to product
release [12].
The discrete CP1 domains of LeuRS, as well as the homolo-
gous isoleucyl- (IleRS) and valyl-tRNA synthetases (ValRS) are
tethered to the ancient canonical aminoacylation core via two
b-strands (Fig. 1) [13–16]. A dozen crystal structures for LeuRS
show that the CP1 domain and the main body of these AARSs
re-orient themselves as the enzyme undergoes its multi-step
reaction cycle [1,14,16,17]. The b-strand tethers adopt different
conformations to accommodate these dynamic movements of
the CP1 domain.
We hypothesized that ﬂexible sites within the dynamic
b-strand linkers facilitate movement and positioning of the CP1 do-
main during editing, aminoacylation as well as the transient tRNA-
dependent translocation mechanism. Speciﬁc mutations within
E. coli LeuRS b-strands can alternatively affect aminoacylation or
editing activity [18]. We wondered if the b-strands also inﬂuenced
the transient tRNA translocation event that moves the amino acid
between active sites. We mutationally analyzed conserved glycine
residues within each b-strand that might provide ﬂexibility for
tRNA translocation. Disruption of one of these glycine sites hin-
dered charged and mischarged tRNA translocation, while retaining
aminoacylation and tRNA deacylation activity.lsevier B.V. All rights reserved.
Fig. 1. Tertiary and primary structures of leucyl-tRNA synthetase (LeuRS). (a)
Crystal structure of T. thermophilus LeuRS (PDB code 2BTE) [16]. The enzyme is
displayed as a grey ribbon, with the connective polypeptide 1 (CP1) domain
inserted into the canonical core by two b-strands (black). (b and c) Sequence
alignment of the N- and C-terminal b-strand linkers. Black and grey shading
highlight highly conserved and homologous residues, respectively. The N- and C-
terminal b-strands are marked by horizontal arrows and the glycine residues that
were mutated are indicated by vertical arrows.
Fig. 2. Aminoacylation and deacylation activities. (a) Leucylation activities were
obtained using 50 nM enzyme and 4 lM tRNALeu. (b) Deacylation reactions
contained 100 nM enzyme and approximately 4 lM [3H]-Ile-tRNALeu.
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Plasmid p15ec3-1 (encodes E. coli LeuRS gene) was mutated to
G225P, G229P, G407P and G409P using PCR-based mutagenesis
[18]. Likewise, a second mutation, T252A, in the editing active site
was introduced into each mutant LeuRS gene-containing plasmids.
Protein expression was carried out in E. coli strain BL21 (Novagen)
and puriﬁed by afﬁnity chromatography via an N-terminal fused
six-histidine tag [18].
Aminoacylation reactions containing 60 mM Tris, pH 7.5,
10 mM MgCl2, 150 mM KCl, 1 mM dithiothreitol, 22 lM [3H]-leu-
cine (167 lCi/ml), 4 lM in vitro transcribed E. coli tRNALeu [18]
and catalytic amounts of enzyme were initiated with 4 mM ATP.
Aliquots of 10 ll were quenched and processed as described [18].
The measured charged tRNA exceeded the actual amount of tRNA
for some mutant LeuRSs. This could be due to co-precipitation ofmutant enzyme that is tightly bound to amino acid or covalently
self-labelled with amino acid [19]. Misaminoacylation assays were
carried out similarly in reactions containing 22 [3H]-isoleucine
(93 lCi/ml) and 1 lM enzyme. Error analyses were based on trip-
licated reactions.
Production of [3H]-Leu-tRNALeu or [3H]-Ile-tRNALeu was pre-
pared as previously described [18]. Approximately 4 lM charged
or mischarged tRNALeu were incorporated into deacylation reac-
tions containing 60 mM Tris, pH 7.5, 10 mM MgCl2 that were initi-
ated by 100 nM enzyme. Aliquots of 5 ll were quenched at speciﬁc
time points and processed [18].
3. Results
The CP1 domain of LeuRS is attached to the canonical core of the
enzyme by two ﬂexible b-strands (Fig. 1a). These b-strand linkers
would be expected to play a central role in positioning the CP1
domain to accommodate and stabilize different tRNA-bound com-
plexes at various stages of enzyme activity including aminoacyla-
tion and editing [18]. We hypothesized that dynamic changes of
the protein and protein–tRNA complex could be facilitated by
one or more glycine residues that might confer ﬂexibility to these
linker regions.
In E. coli LeuRS, Gly229, Gly407, and Gly409 are located within
the b-strand linkers and conserved (Fig. 1b and c). In addition,
Gly225 is just upstream of the N-terminal b-strand tether and also
conserved. We substituted proline at each of these residues to
introduce rigidity that might restrict movement at these speciﬁc
sites within the b-strand linkers. The mutant LeuRS enzymes were
stably expressed and puriﬁed. We then characterized the proline
substitutions to determine the effect of decreased ﬂexibility at
each individual site on LeuRS enzyme activity.
The four LeuRS glycine to proline variants exhibited varying
tRNALeu aminoacylation efﬁciencies (Fig. 2a). The G407P variant
aminoacylated tRNALeu as well as wild-type LeuRS (not shown).
Fig. 3. Misaminoacylation activity. Reactions contained 1 lM enzyme and 4 lM
tRNALeu.
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and thus, this variant will not be discussed further. The G225P
LeuRS mutant in the N-terminal b-strand abolished tRNA leucyla-
tion (Fig. 2a), but this was due to a defect in leucine activation
(not shown). The G229P and G409P mutant LeuRSs consistently
yielded higher aminoacylation activity compared to the wild-type
enzyme.
We also tested the b-strand glycine mutations to determine if
the LeuRS proline substitutions disrupted editing. The G229P and
G409P mutant LeuRSs deacylated Ile-tRNALeu similar to wild-type
LeuRS (Fig. 2b). The deacylation activity of the G225P LeuRS mu-
tant was decreased. We hypothesized that the b-strand was kinked
by the proline mutation into an orientation that prohibited proper
binding of substrate to form a competent editing complex.
The LeuRS proline substitutions were tested for misaminoacyla-
tion activity. As would be expected, the G225P mutant LeuRS did
not generate mischarged product because its amino acid activation
activity was abolished (Fig. 3). However, the N-terminal b-strandFig. 4. Rescue of leucylation activity by T252A double mutant LeuRSs. (a) Aminoacyl
Aminoacylation reaction catalyzed by T252A LeuRS showing editing of correctly charged
4 lM tRNALeu. (d) Deacylation activities were obtained using 100 nM enzyme and approG229P and the C-terminal b-strand G409P mutations in LeuRS
resulted in a weak mischarging activity to yield Ile-tRNALeu (rela-
tive to strong mischarging mutants that are deﬁned by a plateau
that reaches 20 pmol of product [10]). Because both the G229P
and G409P mutant LeuRSs had signiﬁcant deacylation activity that
cleared Ile-tRNALeu (Fig. 2b), we hypothesized that this mischarg-
ing activity was due to a disruption of the transient tRNA translo-
cation mechanism that moves the 30 end of the tRNA from the
aminoacylation to the editing active site.
Aminoacylated tRNA is translocated from the aminoacylation to
the editing active site and proofread in the latter before it is re-
leased from the enzyme (Fig. 4a). Previously, we isolated a T252A
mutation in the LeuRS editing active site that conferred hydrolysis
of correctly charged Leu-tRNALeu [12]. Thus, aminoacylation activ-
ity of this mutant appears to be abolished, because the correctly
charged tRNA is cleared in the editing active site prior to product
release (Fig. 4b).
We combined the T252A mutation with the glycine substitu-
tions G409P and G229P, which we hypothesized were defective
in translocation. The G229P/T252A double mutant LeuRSs rescued
leucylation activity to levels that were comparable to wild-type
(Fig. 4c). This double mutant retained deacylation activity of Leu-
tRNALeu that is characteristic of the T252A mutation (data not
shown) and supports that it binds effectively to the editing com-
plex for tRNA deacylation (Fig. 4d). Signiﬁcantly, the tRNA deacyl-
ation assay does not require a translocation step from the
aminoacylation active site. Thus, we hypothesize that the double
mutation restores aminoacylated product formation in the pres-
ence of the T252A mutation, because the transient translocation
step is disrupted and the charged tRNA end bypasses the editing
active site.
The G409P/T252A double mutant failed to rescue the T252A
mutation in LeuRS. It is possible that re-binding of charged and
mischarged tRNA products to form a competent hydrolytication reaction catalyzed by wild-type LeuRS showing release of Leu-tRNALeu. (b)
Leu-tRNALeu [12]. (c) Leucylation activities were obtained using 50 nM enzyme and
ximately 4 lM [3H]-Leu-tRNALeu.
Fig. 5. Proposed LeuRS reaction pathway and translocation determinant. The
Gly229 residue is located within the N-terminal b-strand linker. The T252A
mutation uncouples speciﬁcity in the editing active site [12].
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tion-speciﬁc effects. We propose that hindering the ﬂexibility of
either the N- or C-terminal b-strands at speciﬁc sites, in particular
the Gly229 position disrupts transient translocation of the charged
tRNA from the aminoacylation to the editing active site. These
translocation-defective mutations bypass the editing active site
resulting in premature product release (Fig. 5).4. Discussion
Translocation of mischarged tRNA from the aminoacylation to
the editing active site is necessary for the ‘‘double sieve” proof-
reading mechanism that relies on two distinct active sites. The
tRNA-dependent translocation event is transient and thus has pro-
ven difﬁcult to capture. Recently published crystal structures of
LeuRS complexed with tRNALeu provided snapshots of different ori-
entations of the enzyme [11,14,16]. The enzyme cycles through
aminoacylation, editing and exit complexes in coordinated move-
ments with the tRNA. An ‘‘intermediate” complex where the 30
end of the tRNA lies nears a conserved motif on the canonical core
that neighbors the C-terminus of the C-terminal b-strand has been
suggested to represent a state of the tRNA-bound LeuRS complex
which is between the aminoacylation and editing complexes
(PDB code 1WZ2) [14]. In addition, a peptide within the CP1 do-
main of E. coli LeuRS has been identiﬁed, which facilitates transient
tRNA translocation between the aminoacylation and editing active
sites, but its mechanism remains obscure [10].
Subsequent to aminoacylation, movement of the tRNA 30 end to
the editing active site is accompanied by CP1 domain rotation and
other conformational changes [16,20]. The rapid rate of transloca-
tion has likely precluded isolation of its associated conformational
states. In E. coli IleRS, mutations at Lys183 and Trp421 identiﬁed a
‘‘hinge” region near the N- and C-terminus of the CP1 domain in-
sert, which resulted in translocation deﬁciencies [21]. The Lys183
correlates to a critical Lys186 in E. coli LeuRS [22]. Herein, we have
identiﬁed a translocation-speciﬁc site within a b-strand tether that
links the CP1 domain to the aminoacylation core. We hypothesize
that a conserved glycine residue contributes to a translocation-
speciﬁc complex that moves the tRNA end from the aminoacyla-
tion to the editing site.
Conserved glycines on the b-strands that tether the CP1 domain
to the aminoacylation core would be expected to lend ﬂexibility to
allow rigid-body rotation and movement of the editing domain.
The CP1 domain rotates 20 away from the main body to avoid
a clash with the 50 end of tRNA during aminoacylation [14] and
swings 35 closer to the core for editing to occur [16]. In spite
of efﬁcient deacylation activity of mischarged tRNALeu, G229P
and G409P mutant LeuRSs produced mischarged tRNA, suggesting
that the tRNA translocation pathway had been disrupted. The
G229P translocation defect also rescued the T252A phenotype[12] to produce correctly charged tRNA. We hypothesize that the
G229P translocation defect interrupts the enzyme reaction cycle
to bypass the editing active site and proceeds to premature prod-
uct release (Fig. 5).
A proline substitution at a critical Gly229 position likely locks
just a portion of the b-strand tether into an orientation that im-
pedes movement between the aminoacylation and editing active
sites. Signiﬁcantly though, enough ﬂexibility is retained through-
out the two b-strand tethers to allow independent formation of
competent aminoacylation and editing complexes to confer their
respective activities. We propose then that the conserved Gly229
position is an essential element of the transient molecular mecha-
nism for tRNA translocation between the aminoacylation and edit-
ing active sites.
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